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INTRODUCTION

Metal coatings are of interest in applications where erosion, corrosion, or mechanical
degradation results from chemical, temperature, and mechanical insults to the surface. The
evaluation of a coating nondestructively responds to the need to estimate its effectiveness prior to
actual use, without damaging it. An area of interest is the coatings' elastic properties. These
properties were determined here by measuring bulk and Rayleigh ultrasonic velocities. The
material bulk velocities were found by measuring the thickness and shear and longitudinal
ultrasonic time-of-flight of the substrate, with and without the electroplated chromium coating.
Elastic properties of the material were calculated from the bulk velocities measured, assuming
little or no dispersion within the material. The Rayleigh—surface wave—velocity was measured
using a pulsed laser for ultrasonic wave generation in conjunction with a Michelson
interferometer for signal detection. Wavelet analysis was used as a signal-processing technique
to determine the dispersion curves for the laser-generated surface acoustic waves. The
specimens were produced by electrodepositing chromium of various thicknesses on 2 in. x 1 in. x
0.5 in. steel coupons using controlled plating parameters.

THEORY

An elastic disturbance, &, traveling through an isotropic material along the x-axis can be
described by the wave equation

0’ 0’
ézx = VZ ix (1)
ot ox
where V is the sound velocity. The wave equations for longitudinal and shear waves are
functions of three material properties: Young’s modulus, E, Poisson’s ratio, v, and the material
density, p. The longitudinal wave equation is

a2§x — E(l‘—V) \8264! (2)
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and therefore, the longitudinal velocity, V, is
E(l-v)
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The shear wave equation is
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and the shear velocity, V;, is shown as
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A Rayleigh wave is a surface wave that contains components of both shear and longitudinal
waves and its velocity, Vg, is

(6)
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Yéung’s modulus is calculated from the bulk shear and longitudinal velocities (assuming
negligible dispersion), and the density
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and Poisson’s ratio
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are dependent on the longitudinal and shear velocities alone.
EXPERIMENT

Specimen Preparation

Chromium coatings were electrodeposited on ASTM A723 steel coupons from aqueous
solutions containing 250 g/ CrOs and 2.5 g/l H,SO4. Deposition was at a rate of 0.02 mm/hr
with the bath temperature and the current density maintained at constant values. The steel
substrates were first mechanically cleaned, then electrocleaned in strong caustic solution, and
finally rinsed in demineralized water immediately prior to insertion in the plating bath.

Surface Wave Measurements

Ultrasonic surface waves are generated in the thermoelastic regime by pulses of an
Nd:YAG laser (70 mj, 8 nsec pulse width) impinging normally and in a 1-in. diameter circle on
the surface (see Figure 1). The width of the laser beam at the specimen is 0.005 to 0.01 in. Note
that surface waves with frequencies into the 30 MHz range are generated. The Rayleigh waves
effectively die out within one wavelength of the surface, so that frequencies larger than Vi/x,
where x is the thickness of the coating, can be used to characterize the coating and frequencies
lower than V/x, the substrate. The thinner the coating the higher the frequencies needed to
propagate surface waves within the coating. Further, since the chromium velocities are slightly
higher than those for steel, the arrival of the higher frequency signal (coating) precedes that of
the lower frequency one (substrate).
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Figure 1. Laser system, including Michelson interferometer and laser generation.

A Michelson optical interferometer (ref 1) measures the instantaneous displacement of a
surface based upon interference between the superposition of two or more monochromatic beams
of light. It uses two beams: a signal leg (moving) and a reference leg (static), and measures the
phase between the two beams. The reference leg is a beam that travels to a fixed mirror and
back, and the signal leg is a beam that reflects off the surface of the sample, as seen in Figure 1.
A 10 mW HeNe CW laser of 632.8 nm provides the light source; this source is divided into the
reference and signal legs by a beam splitter. The beam splitter also recombines the two beams,
which then impinge on a photodetector. The resultant beam intensity detected at the
photodetector depends on the phase difference between the reference and signal beams. If the
difference in phase is less than one-half of a wavelength, constructive interference occurs and the
intensity is increased. Destructive interference occurs when there is a difference of more than
one-half of a wavelength between the beams, therefore the intensity is decreased. The
displacement at the surface is then correlated to the difference in phase between the two beams.




In our study, waveforms were accumulated with a Sonix STR 81G 8-bit digitizing card
installed in a PC and controlled with a LabVIEW program. The LabVIEW program was used to
obtain and save the ultrasonic data. The data contained 8192 points and was digitized at 1 GHz
(real-time sampling). Each waveform was made up of the average of 200 individual waveforms.
A phase compensating routine was used, as the Michelson interferometer was not phase
stabilized.

Application of Wavelets to Obtain Dispersion Curves

Wavelet analysis (refs 2-4) was applied to the Rayleigh wave signals, to determine the
frequency-velocity (dispersion) relationship. The frequency and velocity relationships were
extracted from the contour map resulting from the wavelet transformation. The frequency was
determined from the frequency transform of the mother wavelet and subsequently adapted for the
scales associated with the daughter wavelets. A wavelet transform was applied to the signal in
the frequency domain. The test wavelet consisted of a Gaussian function, equivalent to a Morlet
wavelet, located about a center frequency.

Initially, the Fourier transform was applied to the laser-generated data in order to carry
out the computation in the frequency domain. Then the inverse Fourier transform of the product
of the wavelet and the laser data was generated. Explicit control of the wavelet bandwidth was
necessary to improve the quality of the wavelet transform. The latter is very dependent on the
wavelet bandwidth. Applying the method to a test case with a Gaussian modulated linear chirp
showed that when the bandwidth was too large, the high frequency components of the wavelet
transform were very inaccurate. An additional difficulty was observed with the laser data, since
the frequencies present were very small relative to the sampling rate, bandwidths that were too
small introduced substantial numerical noise into the transform.

Determining the velocity introduced the greatest uncertainty. The association between
frequency and velocity is dependent on the relationship between scale and time in the wavelet
decomposition. Having determined the frequency associated with scale and determined the
velocity from the radius of the circle and the time of arrival, it was necessary to determine the
point that had the highest correlation to determine the dispersion curve. For a given scale, the
time of arrival was determined by taking the centroid of the 10 points with the largest wavelet
coefficients. Other methods were considered, such as using the point with the maximum wavelet
coefficient, or using the mean time of the 10 points. The single point method was not used due
to the noise that was observed at high frequencies. The data quality would diminish and an
averaging scheme would be necessary to determine the time of arrival. The centroid method was
chosen over the mean time because it allowed weighing the data to best determine the time of
arrival. The dispersion curves can be seen in Figure 2.
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Figure 2. Waveforms from laser-generated surface waves (left)
and their corresponding dispersion curves (right).
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Bulk Wave Measurements

Bulk velocities for shear and longitudinal modes for the coating are obtained by a
difference technique. Figure 3 shows the system setup. The thickness and ultrasonic pulse
transit time are measured for the chromium coated steel specimen. The coating is then removed
and the measurements are repeated. Longitudinal and shear transducers of 5 and/or 10 MHz of
0.25 inch in diameter are used for the time-of-flight measurements. To avoid near field effects of
the transducers, a buffer is used in the ultrasonic measurements. The thickness is measured with
a micrometer to within 3 x 10 inches and the time-of-flight to +1.5 nsec. The bulk velocities in
the chromium coating, V nromium, are calculated as

) - 2(xtota1 - xsteel )
chromium A t _ A t

®

total steel

where X;ora1 and Aty are the thickness and ultrasonic travel time, respectively, for the chromium

coated sample, and Xy,; and Aty are the thickness and ultrasonic travel time, respectively, for
the specimen after the coating has been removed.
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Figure 3. System for bulk ultrasonic velocity measurements.



As above, waveforms were accumulated with a Sonix STR 81G 8-bit digitizing card
installed in a PC and controlled with a LabVIEW program. The LabVIEW program was used to
obtain and process the time-of-flight data. The digitizer was set to a sampling rate of 1 GHz
(real time), each waveform contained 8192 samples, and a measurement included the average of
256 individual waveforms. Ten measurements were averaged (a total of 2560 waveforms) for
each set of specimen conditions. Cross correlation and peak detection virtual instruments (VIs)
incorporated in the LabVIEW program were used to obtain times-of-flight from the waveforms,
using the first and second back-surface echoes.

DISCUSSION AND RESULTS

Rayleigh wave velocity measurements were made on five chromium plated specimens.
The chromium coatings were 144, 130, 56, 56, and 23 microns thick. The waveforms from the
interferometer surface displacement measurements and the resulting dispersion curves for each
sample are shown in Figure 2. Rayleigh wave velocities were also calculated from the bulk
wave velocity measurements made on two samples: 144 um chromium (sample 007) and 130 um
chromium (sample 010). For coatings thicker than about 125 pum, the difference technique used
to obtain longitudinal and shear wave velocities resulted in an error (standard deviation) of less
than +4 percent. The measurement error increased rapidly as the coating thickness decreased.

The results of bulk longitudinal and shear velocity measurements made on samples 007
and 010 are shown in Table 1. The measured values of coating thickness and calculated values
of Poisson’s ratio, Rayleigh velocity, and Young’s modulus are also included. The literature
values in Table 1 are compiled as a result of the Hashin and Shtrikman method (ref 5) for bulk

. chromium.
Table 1. Chromium Coating Properties for Samples 007 and 010
Literature Values

Sample 007 Sample 010 (ref 5)

Thickness (um) 144 130 --

Longitudinal

Velocity (m/s) 6040 6419 6622

Shear Velocity (m/s) 3404 2983 4002

Rayleigh Velocity

(calculated) (m/s) 3148 2801 3664

Rayleigh Velocity

(measured) (m/s) 3360 Not present 3664

Poisson’s Ratio 0.267 0.360 0.212

Young’s Modulus 211 175 276

(Gpa)




The Rayleigh wave characteristics of coatings depend on the coating thickness. The
frequency of the Rayleigh wave in the chromium coating increases with decreasing coating
thickness, and its characteristic signal arrives earlier than that for steel. Dispersion curves for the
Rayleigh velocities were obtained through wavelet analysis of the laser ultrasonic waveforms.
For sample 030 we would expect the chromium Rayleigh velocity to appear around 140 MHz,
for the other coating thicknesses, around 60 and 22 MHz, respectively. The dispersion curve
showed gently rising values, which had not reached the coating thickness; hence, for the in-
between frequencies, the observed velocities showed the effect of both coating and substrate in
proportion to the ratio of coating thickness to wavelength. The two 56 um coatings revealed
similar features and also gently rising slopes. The steepest slope was found for 007 with the 144
um coating thickness. Specimens 007 and 010 showed a substantial difference even though they
were plated under identical parameters, to almost identical thickness. The first clue was the
Rayleigh signal itself, which showed no chromium arrival for sample 010. The dispersion curve
showed no higher frequencies, and the velocity at lower frequency (which should be the steel
value) did not resemble the value found for steel in the other specimens. The frequency range
established for the dispersion curves for all the samples was dictated by the signal-to-noise ratio
at the higher frequencies. The micrographs of these last two specimens, presented in Figure 4,
do indeed show that sample 010 had a crack at the chromium-steel interface. The results of our
bulk wave measurements also revealed a substantial difference between the two specimens. The
most glaring difference between the two was the Poisson’s ratio, which differed by about 40
percent.
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Figure 4. Micrographs of chromium coatings for
sample 010 (right) at S00x and sample 007 (left) at 500x.



CONCLUSIONS

The Rayleigh wave characteristics of chromium electrodeposited onto steel coupons
depend on the thickness and on the elastic properties and quality of the electrodeposit.
Dispersion curves and Rayleigh velocities can be obtained through wavelet analysis of the laser
ultrasonic waveforms. We found a substantial variation in the properties of two chromium
coatings of similar thickness prepared under carefully controlled and apparently identical plating
conditions, as seen in Table 1, and these differed from bulk values for pure chromium found in
the literature.
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